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Available online 2 June 2015AbstractMagnetically impelled arc butt (MIAB) welding is a pressure welding process used for joining of pipes and tubes with an external magnetic
field affecting arc rotation along the tube circumference. In this work, MIAB welding of low alloy steel (T11) tubes were carried out to study the
microstructural changes occurring in thermo-mechanically affected zone (TMAZ). To qualify the process for the welding applications where
pressure could be up to 300 bar, the MIAB welds are studied with variations of arc current and arc rotation time. It is found that TMAZ shows
higher hardness than that in base metal and displays higher weld tensile strength and ductility due to bainitic transformation. The effect of arc
current on the weld interface is also detailed and is found to be defect free at higher values of arc currents. The results reveal that MIAB welded
samples exhibits good structural property correlation for high pressure applications with an added benefit of enhanced productivity at lower cost.
The study will enable the use of MIAB welding for high pressure applications in power and defence sectors.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Magnetically impelled arc butt (MIAB) welding is a solid
state welding process involving rotation of arc around the tube
to aid the uniform heating of faying surfaces. The schematic
diagram of the MIAB process is shown in Fig. 1. The tubes to
be welded in MIAB welding are held in aligned position by a
clamping arrangement and are influenced by a constant mag-
netic field around the weld region. Heat is generated in the
faying edges through electrical discharge and rotation of arc
by application of the external magnetic field. After sufficient* Corresponding author. Tel.: þ91 9442293115.
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2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting byheating, the tubes are forged to expel the molten metal and
other impurities from the faying surface resulting in solid state
joining of tubes [1e4].
MIAB welding process is a single shot process and can
readily be automated as no manual skill is involved, and is
very fast with a welding time of 22 s for a pipe thickness of
6 mm. It produces a solid state bonding which is conducive to
excellent mechanical properties. It also opens up to the pos-
sibility of dissimilar metal joints. MIAB welding requires no
part rotation unlike friction welding, and hence is much
simpler and less expensive. Other potential benefits of MIAB
welding include less internal flash, shorter weld time, less
metal loss, uniform heating and reduced machine mainte-
nance. The amount of current used for MIAB is around 500 A,
and hence MIAB is more economical than the flash butt
welding process. MIAB welding process is widely used in
power, defence, oil and gas sectors and is seen as an effective
replacement to friction, flash, resistance and butt welding [5].Elsevier B.V. All rights reserved.
Fig. 1. Principle of MIAB welding process.
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(Fig. 2) providing arc initiation, beginning of arc rotation, arc
transitory rotation, arc stable rotation with each other arc
instable rotation, and tube upsetting [6]. The tubes are initially
made to be in contact and arc is initiated by creating a small
gap between the abutting surfaces. The arc is influenced by the
constant magnetic field, and the interaction leads to the rota-
tion of the arc around the circumference of the tube (Fig. 2,
Phase I). The next phase is identified as the beginning of the
arc rotation phase (Fig. 2, Phase II). The speed of the arc
rotation keeps increasing, and the arc transitory phase (Fig. 2,
Phase III) records this phase with an abrupt change in the
speed of arc rotation. The stabilization of arc velocity (Fig. 2,
Phase IV) is visually recognized by the formation of an arc
ring between the abutting surfaces of the tubes. The arc
rotation heats up the surfaces of the tubes to form a thin layer
of molten metal along the surfaces. The formation of moltenFig. 2. Different stages of MIAB welding [6].metal bridges in the arc gap creates instability in arc rotation
and is characterized by high amplitude fluctuations at arc
velocity. Longer time spent in this phase of arc instable rota-
tion (Fig. 2, Phase V) is likely to lead to quenching of the arc
itself. Hence, an upset force is to be provided to fuse the
molten edges in the stage (Fig. 2, Phase VI) of tube upsetting.
These stages could be combined in one or more descriptions to
form different set of stages, and in this paper, MIAB welding
is seen as a combination of four stages, viz., arc initiation, arc
stabilisation, arc rotation and upsetting, without affecting the
dynamics of process description.
MIAB welding is also known as ROTARC (ROTATING
ARC) welding. Georgescu et al. reported the working of
pneumatically operated ROTARC equipment analogous to
MIAB welding process with technical designing details [7]. In
MIAB welding, the magnitude of electromagnetic force con-
trols the weld quality and depends on the magnetic flux den-
sity around the tube circumference. Many researchers have
modelled the magnetic flux density distribution in MIAB
welding. Kim et al. proposed a two dimensional finite element
model for the analysis of magnetic flux density distribution in
MIAB welding [8]. The magnetic flux density between the
pipes increases with the increase in exciting current and the
decrease in gap size of the pipes. Arungalai et al. reported the
simulation of electromagnetic force distribution in MIAB
process [9,10]. The study emphasizes the magnetic flux den-
sity distribution and the effect of electromagnetic force in
controlling the arc rotation speed.
MIAB welding of alloy steel tube and establishment of
operational windows based on visual inspection of welded
tubes were reported by Arungalai Vendan et al. [11], in which
the strength assessment and non-destructive evaluation of T11
welded tubes were also reported. Further bonding integrity of
the welded samples was reported based on the macro and
micro analyses of the welded samples in Refs. [12,13]. But no
literature is available on detailed analysis of structure property
correlation of MIAB welded T11 tubes. Hence an attempt is
made to analyze the structural changes in welded tubes and to
study its effect on the weld properties.
Low alloy steels exhibit high strength with good toughness
properties under quenching and tempering conditions. The
ability to retain these properties of the base metal in welded
region is also important as it will help in improving its
structural and functional properties. Considering that T11
tubes are usually used in high pressure applications, including
boiler, pipeline and defence application, it is required to un-
derstand the suitability of MIAB welding process through a
detailed study on microstructural characterization. In spite of
typical application studies on MIAB welding, there are few
literatures on the detailed microstructural analysis of MIAB
welded T11 tubes. When the properties are retained, MIAB
welding could qualify for high pressure part welding like
boilers, submarines, ships, etc. This paper presents the study
on the microstructural characterization of MIAB welded T11
tubes with hardness and strength assessment to correlate the
weld properties. The description of the experimental setup and
operating parameters are explained in the following section.
Fig. 4. Joint setup for the MIAB welding tubes.
Table 1
MIAB welding stages and parameter range used for MIAB welding.
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microstructural analysis, parameter influence, hardness and
mechanical testing results in Section 3 and 4. When the
properties are retained, MIAB welding could qualify for high
pressure part welding.
2. Experimental setup and process parameters
Welding was carried out using a hydraulic MIAB welding
machine available at Welding Research Institute, BHEL, Tir-
uchirappalli. The setup is shown in Fig. 3. The MIAB welding
process is divided into four stages of operation, viz., arc
initiation, arc stabilization, arc rotation and upsetting. The arc
is initiated when the closed joints are slightly spaced to a
definite interval according to the applied voltage. The arc gets
initiated from the inner dimensions of the tube and moves to
the external edges. This stage relates to the beginning of the
arc rotation due to the interaction of magnetic and electric
fields. The momentum of the arc gets established in Stage II.
In Stage III, the arc velocity is stabilized and results in a
visible arc ring around the gap between the joints. In this
stage, a thin layer of molten metal appears at the tube end and
is accompanied by a shrill sound of arc rotation. The molten
metal at the edges appears to break and is attributed to waving.
This sets Stage IV for the upsetting force to be applied to fuse
the metal joints.
The joint setup for MIAB welding is shown in Fig. 4. An
electromagnetic force FL is generated on the arc due to the
axial component of current flow in the arc, and IL crosses the
radial component of the applied magnetic field BL.
Flashing will occur, and the plasticized material from the
contact area flows to form a weld bead around the circum-
ference of the joint. Of the different currents, the arc rotation
current is of critical importance in determining the weld
quality [14]. The faying edges start to be uniformly melted and
gets ready for fusion. Any difference in current settings will
lead to a bad weld, including lack of fusion.
The values of current and time parameters for different
stages of welding are listed in Table 1. The thickness of the
tubes and the type of material dictate the choice of theFig. 3. MIAB welding machine.operating parameter range and are decided based on the trial
and error method. If the currents are in excess, the joints
become irregular with the changes of welding current and
welding time in each stage of MIAB welding. In the present
study, the effect of arc rotation and upsetting on MIAB welded
tubes are studied by varying arc rotation current, arc rotation
time and upset current in two levels. The range of welding
variables was obtained by trial and error method as the sam-
ples welded out as per the range show an improper weld bead
formation.
Experimental trials were created using full factorial ex-
periments by Design of Experiments (DoE) as per Table 2.
Low alloy steel (T11) tube with 48 mm outer diameter and
6 mm thickness was chosen for study. Different dimensions of
piping could be accommodated by changing the MIAB weld
head. The chemical composition and mechanical properties of
the steel tube are given in Table 3. For all welding trials the arc
gap and upset pressure are maintained as 2 mm and 16 MPa,
respectively. MIAB welded T11 tubes are shown in Fig. 5. The
tubes are provided with thermocouples for measuring tem-
perature gradient across the tubes.
The welded tube was sectioned transverse to the weld line
(Fig. 6) and prepared for metallographic study. The prepared
surface is etched with 4% Nital. Various zones like TMAZ
(thermo-mechanically affected zone), and the base metal wasStages Welding current/A Welding time/s
Arc initiation 310 (I1) 1 (T1)
Arc stabilization 310 (I2) 3 (T2)
Arc rotation 270e290 (I3) 6e9 (T3)
Upsetting 800e1000 (I4) 0.3 (T4)
Table 2
Experimental trials for MIAB welding of alloy steel tubes.
Sample I.D. I1/A I2/A I3/A T1/s T2/s T3/s T4/s
1 310 290 800 1 3 9 0.3
2 310 270 1000 1 3 6 0.3
3 310 270 1000 1 3 9 0.3
4 310 290 800 1 3 6 0.3
5 310 270 800 1 3 9 0.3
6 310 290 1000 1 3 6 0.3
7 310 270 800 1 3 6 0.3
8 310 290 1000 1 3 9 0.3
Table 3
Chemical composition and mechanical properties of low alloy steel tubes.
Element C Cr Mo Si Mn S P Yield strength/MPa Tensile strength/MPa Elongation (%)
Wt.% 0.17 1.31 0.55 1.13 0.56 0.025 0.027 258 485 31
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hardness survey of welded tubes was carried out using Vickers
microhardness tester under 100 g load. The hardness readings
are taken at 0.5 mm distance interval for all the samples.
Transverse tension test was done with the weld line at the
centre to assess the tensile strength of welded tubes. Root bend
test was carried out for the welded tubes to evaluate the weld
ductility. Tension test, hardness test and bend test were carried
out in accordance with ASTM E370.
3. Results3.1. Microstructural characterization resultsMacrostructure of the welded T11 tubes is shown in Fig. 7.
The thermal gradient and varying cooling rates across the
samples induced by high currents in MIAB welding results in
the welded samples showing four distinct TMAZs. Fig. 8
shows the optical and SEM micrographs of TMAZ of
selected sample (Sample ID 1). The microstructure of the base
metal shows matrix of ferrite and pearlite, as shown in Fig. 8a
and b. TMAZ I is the zone present along the weld interface.
TMAZ I (Fig. 8c and d) shows fine bainite with polygonalFig. 5. T11 tubes. (a) Before w
Fig. 6. Dimensions of test samples. (a) Tenferrite. The deformation caused during upsetting of tubes re-
tards the growth of bainitic needles. In TMAZ II, the micro-
structure shows predominately lath like upper bainite (Fig. 8e
and f). The bainite contains relatively long and parallel ferrite
laths compared to TMAZ I. Granular bainite is observed in
zone III of TMAZ (Fig. 8g and h). Granular bainite is an
equiaxed bainitic ferrite structure with discrete islands of MA
constituent. TMAZ IV has recrystallized fine grained ferrite
and pearlite (Fig. 8i and j).3.2. Hardness testing resultsHardness curve enumerates the effect of microstructural
changes in MIAB welded tubes (Fig. 9). Hardness of all
TMAZs is higher than that of the base metal, confirming the
strengthening due to MIAB welding. TMAZ II shows higher
hardness amongst all TMAZs due to the formation of upper
bainite. Decrease in hardness along the weld interface is
attributed to ferrite nucleation and retarded bainite growth in
TMAZ I (Sample ID 1) as the effect of deformation during
upsetting. A drop in hardness values is observed across TMAZ
II towards the base with granular bainite in zone III and fine
grained ferrite with pearlite in zone IV. All the samples haveelding; (b) after welding.
sile test sample; (b) bend test sample.
Fig. 7. Macrostructure of MIAB welded T11 tube (Sample T11/1) [a e TMAZ
I, b e TMAZ II, c e TMAZ III, d e TMAZ IV, e e unaffected base metal].
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hardness in TMAZ I in samples welded using lower arc
rotation current does not differ much compared to TMAZ II as
acicular ferrite formation accelerates with higher cooling rate
and deformation (Sample ID 2).3.3. Mechanical testing resultsTension test and bend test were carried out for welded alloy
tubes to assess the strengthening due to microstructural
change. For tensile test, the UTS and fracture location of the
sample are given in Table 4. Failure at the base metal indicates
strengthening in TMAZ due to microstructural change. For-
mation of bainite in TMAZ contributes to higher weld tensile
strength. The samples welded with higher arc rotation current
(I2 ¼ 290 A) show failure at the base metal whereas in the
samples welded with lower arc rotation (I2 ¼ 270 A) the
failure occurs at the weld interface. Though the samples
welded with lower arc rotation current contains acicular
ferrite, the bainite insufficient melting results in the formation
of the defective weld interface.
Root bend test was conducted on MIAB weldments to
assess its ductility. The samples were made to bend 180 with
4T mandrel. The bend test samples were inspected for crack at
the weld interface. In correlation with tension test, the samples
welded with lower arc rotation current (except Sample ID 5)
show crack at the weld interface due to the presence of
metallurgical weak structures like voids at weld interface.
Fig. 10 shows the sample T11/3 failed in tension test and bend
test.
4. Discussion4.1. Microstructural analysisTMAZ I (Fig. 8c and d) shows fine bainite with polygonal
ferrite. Bainitic needles formed in this zone are relatively
shorter. Upset pressure applied for weld formation plays a
significant role in microstructural phase transformation at theweld interface. Deformation due to upset pressure increases
the dislocation density and the dislocation acts as the nucle-
ating sites for bainitic. Isasti et al. reported the effect of plastic
deformation in increasing the bainitic transformation. Plastic
deformation causes bainitic transformation to happen at higher
temperature and in shorter duration. Though plastic defor-
mation increases the nucleation sites for bainitic trans-
formation, the overall transformation rate decreases with
deformation. This is due to retarded bainitic growth. As defect
density increases, they retard the growth of bainite, resulting in
shorter ferrite laths in bainite. Larn and Yang [15] reported the
reduced transformation fraction with increased defect density
due to deformation. Further the deformation also favours
polygonal ferrite transformation due to increased grain
boundary area [15] and results in the formation of polygonal
ferrite and bainite.
Lath like upper bainite (Fig. 8e and f) in TAMZ II contains
relatively long and parallel ferrite laths compared to TMAZ I.
TMAZ II receives lighter deformation compared to TMAZ I,
hence dislocation density is less. Low dislocation density
helps in nucleating the bainite without hindering the growth of
ferrite laths. Lath like upper bainite is cementite free bainite,
and it contributes to good weld toughness [16]. Granular
bainite is observed in zone III of TMAZ (Fig. 8g and h).
Granular bainite is an equiaxed bainitic ferrite structure with
discrete islands of MA constituent. Granular bainite is formed
due to slow cooling and high silicon content [17]. High Si
prevents the cementite forming, resulting in formation of
blocky ferrite with MA phase. Like upper bainite, the granular
bainite is cementite free bainite but exhibits lower toughness.
Low toughness is due to coarse blocky structure [18]. Next to
granular bainite, TMAZ IV has recrystallized fine grained
ferrite and pearlite (Fig. 8i and j). The microstructure of all
welded samples show four distinct TMAZs, but the micro-
structure along the weld interface (TMAZ I) varies with heat
input, which is discussed in following section.4.2. Effect of arc rotation currentAs arc rotation current controls the melting of faying sur-
faces, the microstructure along the weld interface (TMAZ I)
varies with arc rotation current. At higher arc rotation current
(290 A) the microstructure contains polygonal ferrite and
bainite (Fig. 8c and d); at lower arc rotation current (270 A)
the microstructure contains acicular ferrite and bainite. Acic-
ular ferrite formation is favoured at higher cooling rate.
Further dislocation substructures act as the preferred nucle-
ating sites for acicular ferrite. Hence the deformation and
higher cooling rate at lower arc rotation current favours the
formation of acicular ferrite in TMAZ I [19]. Fig. 6a and b
shows the microstructure of TMAZ I (Sample ID 2) welded
using lower arc rotation current. The microstructure shows
acicular ferrite and bainite. At the higher arc rotation current
(290 A) the microstructure show defect free weld interface
whereas in the samples welded with lower arc rotation current
the microstructure show the voids due to incomplete fusion at
weld interface (Fig. 11). Arc rotation current controls melting
Fig. 8. Optical and SEM micrographs of base metal and TMAZ in sample 1 ((a) and (b) e Unaffected base metal, (c) and (d) e TMAZ I, (e) and (f) e TMAZ II, g
and h e TMAZ III, i and j e TMAZ IV) [PF e polygonal ferrite, P e pearlite, B e bainite, LLUB e lath like upper bainite, GB e granular bainite].
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Table 4
Tension and bend test results of MIAB welded tubes.
Sample I.D. UTS (fracture location)/MPa Root bend test
1 485 (BM (base metal)) No open discontinuity
2 403 (WI (weld interface)) Open discontinuity
3 375 (WI) Open discontinuity
4 511 (BM) No open discontinuity
5 481 (WI) No open discontinuity
6 541 (BM) No open discontinuity
7 459 (WI) Open discontinuity
8 507 (BM) No open discontinuity
Fig. 10. Failed tensile an
Fig. 11. Microstructure of TMAZ I in Sampl
Fig. 9. Transverse hardness survey (a e TMAZ I, b e TMAZ II, c e TMAZ
III, d e TMAZ IV, e e unaffected base metal).
250 R. SIVASANKARI et al. / Defence Technology 11 (2015) 244e254of the faying surface [20], thus the lower arc rotation current
(270 A) chosen for welding does not cause sufficient melting
resulting in metallurgical defects like voids at weld interface.
Increase in arc rotation current increases the magnitude Lor-
entz forces, producing faster arc rotation [8]. Faster arc rota-
tion causes greater centrifugal force which forces the molten
metal and other impurities towards the outer diameter of the
tube [14].4.3. Effect of upset currentThe width of TMAZ I depends on the upset current. As
upset current is used as expulsion current, more expulsion
takes place at higher upset current (1000 A) compared to
lower upset current (800 A). For higher arc rotation current the
width of TMAZ I decrease with the increase in upset current
(Fig. 12a and f). At lower arc rotation current the upset current
has significant influence on defect formation at weld interface.
The metallurgical defects like voids at weld interface due to
insufficient melting with lower arc rotation current vary with
the upset current. The formation of voids is more predominant
for the samples (Fig. 12b and c) welded with lower arc rotation
current (270 A) and higher upsetting current (1000 A). The
defects along the weld interface may deteriorate the mechan-
ical properties of MIAB welded joints. The effect of heat input
on weld property is discussed with tension test results.d bend test samples.
e 2 (AF e acicular ferrite, B e bainite).
Fig. 12. Microstructure of weld interface (aeh e Sample 1e8, respectively).
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252 R. SIVASANKARI et al. / Defence Technology 11 (2015) 244e2544.4. Effect of arc rotation timeArc rotation time has significant effect on microstructure at
lower arc rotation current with lower upset current (Sample ID
5). Since lower arc rotation current does not cause sufficient
melting at faying surface increasing the arc rotation time can
increase the plasticized metal adjacent to molten metal.
Further upon upsetting force these plasticized metals can flow
easily and minimize defect formation at the weld interface
(Fig. 12e). Effect of arc rotation time at higher arc rotation
current is less significant as sufficient melting is produced by
arc current resulting in defect free interface upon upsetting
force.4.5. Hardness testing
Fig. 13. Hardness variations at TMAZ in MIAB welded T11 tubes.As the effects of deformation and higher cooling rate the
TMAZ of MIAB welded samples show higher hardness
compared to the unaffected base metal. At TMAZ I, the
strengthening is due to formation of bainite and ferrite. TMAZ
I show significant variation in hardness with varying MIAB
welding parameters. Microstructure of TMAZ I is affected by
deformation caused by upsetting. As discussed in micro-
structural analysis, the increase in defect density plays a sig-
nificant role in microstructural transformation. In the present
work, the deformation causes an increased bainitic nucleation
with reduced growth rate, resulting in shorter bainitic phase
with ferrite. The morphology of ferrite varies with arc rotation
current as heat input variation causes the variation in cooling
rate. The samples form bainite with acicular ferrite at lower
arc rotation current. The samples welded with lower arc
rotation current show higher hardness at TMAZ I compared to
the samples welded with higher arc rotation current (Fig. 8a).
This is due to the formation of polygonal ferrite with bainite at
higher arc rotation current. As arc rotation current controls
melting of faying surfaces [21], it also determines the tem-
perature during upsetting. Lower deformation temperature
with lower arc rotation current accelerates the formation of
acicular ferrite at weld interface, resulting in higher hardness
[22]. Arc rotation current shows significant effect on hardness
at TMAZ I. The samples welded using lower arc rotation
current has higher hardness due to acicular ferrite formation.
Arc rotation time and upset current have less influence on
hardness as microstructural transformation is not influenced by
these two welding parameters. Though the strengthening oc-
curs at lower arc rotation current, the formation of voids de-
grades the weld strength and ductility of MIAB weldment.
Such effects will be discussed in mechanical testing section.
TMAZ II shows higher hardness compared to TMAZ I due
to the presence of lath like upper bainite. Increased trans-
formation rate with lower defect density contributes to higher
hardness in TMAZ II. Towards the unaffected base metal, the
hardness drops with granular bainite in zone III and fine
grained ferrite with pearlite in zone IV. Fig. 13 shows the
hardness variation at all TMAZs in MIAB welded T11 tubes.
Except in TMAZ I, all other TMAZs show the marginal
variation in hardness due to similar microstructural features.4.6. Mechanical testingIn contrast to hardness analysis, the samples welded with
lower arc rotation current (270 A) fails at weld interface. This
is due to void formation with insufficient melting at faying
surfaces. The voids at weld interface are detrimental to weld
tensile strength, hence failure occurs at the weld interface
(Fig. 14). However, in the samples welded with higher arc
rotation current (290 A) the failure occurred at base metal due
to defect free weld interface with bainite. As arc rotation
current plays a significant role in formation of defect free
interface, it shows a significant individual effect on weld UTS.
Arc rotation current and upset current show significant inter-
action effect on weld tensile strength. Lower arc rotation
current and lower upset current cause higher weld tensile
strength. This is due to the variation in number of voids with
upset current. As upset current increases, the metal expulsion
at interface increases [23]. Hence lower arc rotation current
and higher upset current (Fig. 14b and c) increase the number
of voids at weld interface and degrade the mechanical prop-
erties of the weld, causing a failure under much lower load.
Among the samples failed at the weld interface, the sample
T11/5 has higher tensile strength (481 MPa) compared to other
samples. This result has good structure property correlation as
the sample has minimal weld defect at weld interface.
SEM micrograph (Fig. 14a) of the fractured surface shows
a dimpled structure due to microvoid coalescence pertaining to
ductile type of fracture in Sample ID 1. Fig. 14b shows the
fracture surface of sample welded with lower arc rotation
current (Sample ID T11/3). Fracture surface contains oxide
impurities at the weld interface. These oxide impurities are
likely due to atmospheric corrosion of void region. Thus
insufficient melting upon upsetting produces weld interface
with defect, causing poor joint strength in MIAB welding. In
Fig. 14c, SEM micrograph shows a quasi cleavage fracture in
Sample ID 5. Fracture surface is free from oxide impurities.
In root bend test, the samples welded with lower arc rota-
tion current show the cracks at the weld interface. The voids
along with the oxide impurities contribute to brittleness in
Fig. 14. SEM micrographs of fractured tensile surface ((a) e sample T11/1, (b) e sample T11/3, (c) e sample T11/5).
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Sample T11/5 passes bend test due to the presence of acicular
ferrite with minimal defect at weld interface. The acicular
ferrite contributes to high toughness by arresting the propa-
gation of crack at the voids [24]. But in other samples, as the
weld defect increases, the weld toughness drops. The samples
welded with higher arc rotation current show good ductility
with no open discontinuity due to bainite formation without
any metallurgical weak structures. Tension test and bend test
results confirm the strengthening at TMAZ due to bainite
formation in the samples welded with sufficient heat input.
Among all welding variables the arc rotation current has a
significant effect on theweld microstructure and properties. The
samples welded with higher arc rotation current show defect
free weld interface with higher weld tensile strength and
ductility. The effects of arc rotation time and upset current are
minimal with higher arc rotation current as arc current is suf-
ficient for proper melting and producing the defect free inter-
face. At lower arc rotation current, Sample T11/5 welded with
higher arc rotation time and lower upset current shows the least
defect due to increased plasticized zone with minimum expul-
sion. Hence with proper welding variables the stronger MIAB
weld joints can be obtained in low alloy steel tubes (T11).
5. Conclusion
In all MIAB welded samples, four distinct TMAZs were
present from weld interface to base metal:1) TMAZ I contains bainite and polygonal ferrite/acicular
ferrite
2) TMAZ II contains lath like upper bainite
3) TMAZ III contains granular bainite
4) TMAZ IV contains fine ferrite and pearlite
5) Deformation during upsetting affects the transformation of
microstructure in weld interface (TMAZ I).
6) All four TMAZs show higher hardness and TMAZ II has
peak hardness due to presence of lath like upper bainite.
7) Due to bainitic transformation in TMAZ the samples
display higher weld tensile strength and ductility.
8) Arc rotation current plays a significant role in the forma-
tion of defect free weld interface. Lower arc rotation
current causes metallurgical defects like void in weld
interface, resulting in the degradation of weld properties.
However, the optimized values of arc current will be a
region of exploration for different materials and
dimensions.
Hence, it is established that MIAB welding could be used
successfully for tube welding of high pressure lines.
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